Objective: Investigate the relationship between on-field markers of concussion severity and postinjury neuropsychological and symptom presentation in an athlete-specific population.
INTRODUCTION
The diagnosis and management of sports concussion is likely the most elusive clinical condition facing the sports medicine practitioner. At the current time, there is no consensus on the definitive diagnosis of concussion, parameters regarding return to sport participation following injury, and the short-term and long-term neurologic consequences associated with concussion. The lack of uniformity in the area is somewhat disconcerting given that conservative numbers estimate 300,000 concussions occurring per year in the United States. 1 The lack of consensus regarding the management of sports concussion is attributable, in part, to the lack of prospective data correlating outcome to initial signs and symptoms of the injury. The lack of scientific foundation in this area is at least partially responsible for the numerous sports-related management scales that have been published to date (ie, a minimum of 17). Each scale yields a numeric value that grades the severity of injury, and most have corresponding return to participation recommendations that withhold athletes from competition for varying degrees of time (see Collins et al 2 and Johnston et al 3 for a review of these issues).
Severity Markers of Sports Concussion
Examination of the various grading systems reveals that classification of injury has been largely predicated upon the presence and duration of postinjury disorientation, posttraumatic amnesia (PTA), and loss of consciousness (LOC). Although multiple definitions of concussive injury exist, these immediate markers are traditionally considered the hallmarks of injury. [4] [5] [6] [7] [8] [9] [10] In defining these constructs, confusion or disorientation represents impaired awareness and orientation to surroundings, though memory systems might not be frankly affected. 4, 5 PTA is typically represented by the length of time between trauma and the point at which the individual regains normal continuous memory functioning. 5, 6 Disorientation and PTA are not mutually exclusive and can be difficult to dissociate. To help clarify this issue, PTA represents a loss in memory from the point of injury until the return of a full, ongoing memory process. Disorientation, in and of itself, is not associated with memory loss. Though given less focus, retrograde amnesia is also an injury severity marker and is defined as the inability to recall events occurring during the period immediately preceding trauma. [7] [8] [9] The length of retrograde amnesia will typically shrink over time. 10 For example, as recovery occurs, the length of retrograde amnesia may contract from hours to several minutes or seconds, though, by definition, a permanent loss of memory preceding injury occurs. No current concussion grading system explicitly includes retrograde amnesia as a criterion for injury severity. Lastly, LOC represents a state of brief coma in which the eyes are typically closed and the athlete is unresponsive to external stimuli. 5, 8, 9 By definition, any individual experiencing LOC experiences concomitant PTA, both for the period of LOC and potentially for the subsequent time span until memory systems are functional. An athlete may or may not experience retrograde amnesia with LOC.
Historical Context of Defining Severity of Sports Concussion
With the exception of the revised Cantu grading system, 11 all current sports concussion severity rating scales base an injury with positive LOC as more severe than concussive injury with positive confusion or amnesia with no LOC. 2, 3 Inherent in this assumption is that greater morbidity and worse outcome are associated with LOC than with other markers of concussion. The genesis of these recommendations, at least in part, appears attributable to decades of research generalizing from more severe head trauma. For example, in the 1920s, Symonds 12 defined LOC as the hallmark of concussive injury. In describing concussion, Symonds stated, the patient is completely unconscious and in a state of flaccid paralysis. In a severe case the respiratory and cardiac functions may hardly continue. In a few minutes recovery begins; the visceral reflexes are the first to return, and vomiting is common at this stage. The other cerebral functions recover more gradually, and there may be complaint of headache and giddiness, but at the end of 24 hours, in an uncomplicated case of concussion, recovery should be complete. 12 The pre-eminent focus of LOC in defining severity of concussive injury may also be related, at least in part, to animal model work conducted by Denny-Brown and Russell 13 in 1941 and later by Ommaya and Gennarelli 14 in the 1970s and Gennarelli et al 15 in the 1980s. In the latter work, various degrees of whiplash and rotational types of injury were induced in squirrel monkeys, with subsequent histologic analysis of brain tissue. Extrapolating from this data, these researchers proposed 6 grades of traumatic brain injury. In order of severity, postinjury animal presentation was consistent with isolated confusion (grade 1), confusion and PTA (grade 2), confusion with posttraumatic and retrograde amnesia (grade 3), and LOC associated with progressively worse neurologic outcomes (grades 4-6). Thus, severity was based upon level and content of consciousness. Moreover, these researchers felt that surface brain structures (ie, cortical) were involved with milder grades and that, proportionately speaking, damage extended inward (ie, subcortical, brain stem), further defining severity of injury.
Within this historical context, it is understandable how LOC has been deemed the sine qua non characteristic of concussive brain injury. Decades of work and research may have been woven into the fabric of common knowledge. Such work has been pioneering, and even revolutionary, in terms of better understanding the biomechanics and general presentation of traumatic brain injury. Importantly, however, extrapolating from this data to describe sports concussion aptly may potentially be erroneous and misleading.
In fact, in subsequent writings, Gennarelli 15 pointed out that although their animal model paradigm worked well for moderate to severe traumatic brain injury, such a model did not necessarily reflect predictors of outcome associated with mild brain injury or concussion. For example, proper behavioral assessment of confusion and posttraumatic or retrograde amnesia was obviously impossible in the squirrel monkey. As such, these researchers stated that their work had questionable relevance to the phenomenology of injury that is typical of concussive injury in humans. Nonetheless, this animal model research is explicitly referenced as evidentiary support of the Colorado and American Academy of Neurology concussion management guidelines. 16, 17 Moreover, the striking similarity of this animal model work and corresponding grading system to current sports concussion management parameters is unmistakable. However, no current study correlates postinjury symptom presentation with common markers of concussion severity in an athletespecific population.
Moving Forward
To date, the study of recovery from sports concussion has been limited by several factors. Traditional neurodiagnostic techniques, such as CT scan, MRI, and neurologic examination, though invaluable in determining more severe intracranial pathology (eg, skull fracture and hematoma), are generally insensitive to measuring the subtle effects of concussion. 18 Importantly, however, the past decade has seen systematic advancements through the utilization of paper and pencil neuropsychological tests to delineate subtle aspects of injury. In fact, both the National Football League 19 and National Hockey League 20 currently implement baseline (preinjury) and postconcussion neuropsychological testing protocols to help manage sports concussion clinically. Moreover, the current availability of computerized neuropsychological test platforms, 21 though still in the preliminary state of validation, allows wider use of this protocol at the high school and collegiate levels of competition. 22 As a result of these advances, our base of knowledge regarding sports-related concussion is developing rapidly, and more evidenced-based approaches to management may be on the horizon.
The current study was designed to investigate the relationship between the on-field markers of concussion severity (disorientation, posttraumatic or retrograde amnesia, LOC) and postinjury neuropsychological and symptom status in an athlete-specific population.
METHODS

Program Protocol and Outcome Measures
Appropriate review for research with human subjects was granted through the University of Pittsburgh Medical Center (UPMC) to conduct this study. All subjects participated in the UPMC Sports Concussion Program. 22 High school and college athletes from the states of Pennsylvania, Illinois, and Maine were involved in the current study. The UPMC Sports Concussion program helps facilitate the implementation of a baseline and postinjury neuropsychological testing protocol to help determine return to play in athletes sustaining concussion. A cornerstone of the program is the utilization of ImPACT (Immediate Post Concussion Assessment and Cognitive Testing), a computer-based demographic, symptom, and neuropsychological test inventory. 23 
Baseline Evaluation
All participating athletes underwent a baseline or preinjury evaluation and were administered the computerized test battery prior to the 2000 and 2001 athletic seasons. Baseline data were collected during the off-season (ie, preseason). ImPACT consists of a detailed symptom inventory and demographic questionnaire (eg, relevant sport, medical, and concussion history information) as well as 7 test modules that measure aspects of neurocognitive functioning, including tests of memory, reaction time, processing speed, and impulse control. For the current study, memory tasks were specifically used to help determine the postinjury status of the athlete. These memory scores derived from ImPACT have recently been shown to be sensitive to the effects of sports-related concussion. 24 Specifically, when compared with noninjured controls and with baseline levels, 64 athletes sustaining mild concussion had reduced memory functioning at 3 postinjury intervals (36 hours, days 4 and 7). Moreover, in the noninjured control group, ImPACT's memory composite scores revealed no significant practice effects and were stable across the testing sessions. In another recent study, ImPACT's memory and reaction time composite scores were significantly related to postinjury headache (at 7 days postinjury) in a sample of 110 concussed high school athletes. 25 ImPACT's memory composite consists of 5 subtest scores measuring different aspects of the construct, including verbal (word) learning and recognition memory, visual associative memory, visual working memory and recognition, and letter memory. This composite index represents the average percent correct score for these tasks. All stimuli within the inventory are randomized during each administration to minimize practice effects that are commonly associated with neuropsychological testing. ImPACT also includes the Postconcussion Symptom Scale (Table 1) , 26 which is a 22-item scale (graded 0 to 6 in terms of severity) that measures symptoms commonly associated with concussion. This scale has also been shown to be sensitive to the effects of concussion. [24] [25] [26] Administration of the computerized neuropsychological test battery was supervised by a team of clinical neuropsychologists, certified athletic trainers, and/or physicians who were thoroughly trained in the administration of the measures. Training was completed at each site through formal seminars presented by 1 of the lead authors (M. W. C. and M. R. L.). Given that ImPACT is a self-administered test battery, all information is gathered in a standardized manner. Further, data accumulated during the administration process are generated automatically within a detailed clinical report. Thus, there was no variation in administration or data collection among participating sites. 
Postconcussion Evaluation
All athletes underwent preseason testing and were reevaluated with ImPACT within 5 days of sustaining a concussion (mean, 1.7 days; median, 1 day). In-season concussion was diagnosed based upon the on-field presentation of 1 or more of the following symptoms after a blow to the head or body: (1) any observable alteration in mental status or consciousness; (2) a constellation of self-reported symptoms, such as posttraumatic headache, photosensitivity, nausea or vomiting, dizziness, and so forth, and (3) LOC, disorientation, PTA, or retrograde amnesia as identified by on-field examination. Initial diagnosis of concussion was made by sports medicine practitioners who were present on the sideline at the time of injury.
Sports medicine practitioners at participating institutions carefully documented information pertaining to postconcussion markers of injury. At the aforementioned training seminars, athletic trainers and/or physicians were trained to identify the on-field markers of concussion, including disorientation, PTA, retrograde amnesia, and LOC. On-field disorientation was assessed by questioning the athlete's postinjury awareness and orientation to surroundings (eg, name, current stadium, city, opposing team, current month and day). Athletes presenting with any level of on-field disorientation in this regard were classified in the positive disorientation group. Onfield PTA was assessed through immediate and delayed (eg, 0, 5, 15 minute) memory for 3 words (eg, girl, dog, green). The presence of on-field PTA was also assessed at the postinjury follow-up evaluation by documenting the athlete's ability to recall specific events that occurred immediately subsequent to the trauma (eg, memory of returning to sideline, memory for subsequent plays, and so forth). Any loss of memory in this latter regard indicated positive presence of PTA. On-field retrograde amnesia was assessed by having the athlete recall events occurring just prior to trauma (eg, memory for play or plays preceding trauma, events in previous quarter, and so forth). Retrograde amnesia was also documented at the postinjury evaluation by assessing the athlete's ability to recall events just prior to trauma. Any loss of memory in this regard indicated positive presence of retrograde amnesia. LOC was documented when an athlete was unresponsive to external stimuli and in paralytic coma as reported by teammates and/or on-field evaluation. By definition, athletes experiencing LOC also experienced a concomitant PTA (ie, loss of memory for the duration of the unconscious state). For the purposes of this study, athletes with any degree of LOC were categorized in the positive LOC group. An athlete who sustained an additional period of PTA was also categorized in the positive PTA group. Markers of injury were not mutually exclusive, as athletes commonly display a constellation of these on-field symptoms.
ImPACT contains a standardized evaluation form that requires the test administrator to input data regarding the presence and duration of these specific concussion markers at the first postinjury evaluation. This form is automatically detailed and printed within the clinical report that becomes part of the athlete's medical record. Following injury, this form was faxed or e-mailed to the UPMC Sports Concussion Program, where consultation was conducted regarding the athlete's injury status and return to play considerations (via neuropsychological test results and postinjury symptom presentation).
Formulation of Outcome Groups
A sample of 78 concussed amateur athletes participated in the current study. These athletes were selected from a larger sample of concussed athletes (n ‫ס‬ 139). Subjects for this study met specific criteria to create binary, cleanly defined outcome groups that served as the dependent variable for the current study. The first group was asymptomatic at the follow-up evaluation and considered to have good postinjury presentation (n ‫ס‬ 44) and the second group was overtly symptomatic at the postconcussion evaluation and demonstrated poor immediate presentation (n ‫ס‬ 34). Selection criteria were defined a priori, and all subjects meeting these criteria were included in the current analysis. Specifically, poor postinjury presentation was defined as a decline in memory, as measured by the ImPACT memory composite score, of 10 or more points and an increase in selfreported symptoms, as measured by at least a 10-point increase on the Postconcussion Symptom Scale, as compared with baseline. In contrast, athletes with good postinjury presentation demonstrated no measurable change, relative to baseline, in terms of both memory and symptom reporting. In the poor presentation group, the level of change represented nearly 1 pooled standard deviation drop in memory performance and approximately 1 ⁄2 of a pooled standard deviation increase in symptoms, based upon the standard deviations presented in Table 2 . Moreover, a change of 10 or more points exceeds the 80% confidence interval for presumed measurement error, based on reliable change analyses of the ImPACT memory composite score. 27 All athletes from the larger sample were included in the current analysis if they met the good or poor symptom presentation criteria. Athletes from the larger sample exhibiting partial or equivocal adverse effects of concussion (failing to meet good or poor outcome groups, n ‫ס‬ 61) were not included in the current analysis.
Demographic and baseline and postinjury ImPACT memory and symptom scores are presented for the outcome groups in Table 2 . These data, as defined by our subject selection criteria, illustrate the pronounced neu- rocognitive and symptom differences between the outcome groups.
RESULTS
In regards to the total sample (n ‫ס‬ 78), 88.5% of subjects were male. Their average age was 16.8 years (SD, 2.4; range, [14] [15] [16] [17] [18] [19] [20] [21] [22] , and their average education was 11.0 years (SD, 2.4; range, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . The breakdown of the sample by sport was as follows: football, 69.2% (n ‫ס‬ 54); soccer, 10.3% (n ‫ס‬ 8); hockey, 7.7% (n ‫ס‬ 6); basketball, 6.4% (n ‫ס‬ 5); lacrosse, 2.6% (n ‫ס‬ 3); and baseball, 1.6% (n ‫ס‬ 2). High school athletes made up the majority of the sample (77.9%, n ‫ס‬ 61), with 22.1% (n ‫ס‬ 17) college players. Approximately half of the sample reported a history of at least 1 previous concussion (52.6%, n ‫ס‬ 41), and 30.8% (n ‫ס‬ 24) reported no history of concussion. Approximately 1/5 of the sample reported a history of sustaining multiple concussions in the past (20.2%, n ‫ס‬ 16). Concussion history data was missing for 16.7% (n ‫ס‬ 13) of the sample. In terms of injury severity, 56% (n ‫ס‬ 44) of athletes demonstrated postconcussive symptoms, mental status changes, and/or amnesia that resolved within 15 minutes, whereas 44% (n ‫ס‬ 34) had symptoms persisting beyond 15 minutes. Finally, 19.2% (n ‫ס‬ 15) of the sample demonstrated on-field LOC. Of these 15 athletes, 7 experienced LOC that persisted for less than 30 seconds, 4 experienced LOC lasting between 30 seconds and 1 minute, 3 experienced LOC lasting between 1 and 2 minutes, and 1 experienced LOC lasting longer than 2 minutes. No athlete in our sample was noted to experience seizure activity following the respective in-season concussion.
The majority of subjects in both outcome groups were male (91% vs. 85%, P ‫ס‬ 0.441). The good versus poor immediate outcome groups did not differ in age (P ‫ס‬ 0.101), education (P ‫ס‬ 0.963), or history of concussion (P ‫ס‬ 0.401; 60% of the good presentation group and 70% of the poor presentation group had a history of 1 or more concussions).
Statistical comparisons between the 2 outcome groups were conducted via 2 analyses with on-field markers of concussion severity as dependent variables. As seen in Table 3 , athletes with poor postinjury presentation were significantly more likely to experience retrograde amnesia (P ‫ס‬ 0.001) and PTA (P ‫ס‬ 0.013) relative to those athletes in the good presentation group. Athletes with poor postinjury presentation were 10 times more likely to experience retrograde amnesia and 4 times more likely to experience PTA. The 2 groups did not differ in the proportion of subjects who experienced traumatic LOC or sideline-assessed disorientation without amnesia. If the 4 primary on-field severity markers are considered simultaneously (positive LOC, disorientation, PTA, and retrograde amnesia), only 2.5% of athletes with good presentation evidenced at least 3 of 4 of these markers, whereas 28.1% of the athletes with poor presentation evidenced at least 3 of 4 abnormal markers. Athletes with pronounced postinjury symptoms and memory deficits were approximately 10 times more likely to demonstrate at least 3 of 4 abnormal on-field markers of concussion severity.
A variable representing mental status change for 5 or more minutes was also created. Athletes were included in this group if they exhibited 5 or more minutes of on-field disorientation. This time cutoff was used because it represents a common unit of time that can be tracked relatively easily on the athletic playing field. Data pertaining to this variable were also entered directly into the ImPACT postinjury evaluation form. Only 15% of concussed athletes with good postinjury presentation had prolonged postinjury disorientation at the time of injury as compared with 43.8% of players with poor postinjury presentation (P ‫ס‬ 0.007, OR ‫ס‬ 4.4).
DISCUSSION
Though recent animal model research has revealed metabolic and pathophysiology aspects of concussive injury, 28 limited information exists examining the behavioral phenomenology of concussive injury in humans. A lack of data in this regard has become particularly problematic in the management of sports concussion. 29 Given the inherent pressures of competition, athletes sustaining concussion are often needed for, and will even request, return to sport participation in which the risk of subsequent head impacts and trauma is salient. This is a concern given the paucity of data regarding cumulative and potentially catastrophic effects of multiple concussions. 30 There is currently much debate surrounding the lack of scientific foundation in current sports concussion management parameters. Recent recommendations from an international meeting on the topic of sports concus- The total sample was 78 athletes. Due to the normal difficulties with collecting on-field markers, there were varying degrees of missing data. The number of subjects who had each marker coded ranged from 67 to 75. The N column represents the number of subjects for whom data were available for each category. Markers of injury are not mutually exclusive.
LOC indicates loss of consciousness. sion 31 have reinforced the need to re-evaluate all concussion grading systems and return to play management directives.
The current study is the first to evaluate the relative predictive value of on-field markers of concussion severity in a sport-specific population. Recent work examining concussive injury in a group of 195 trauma patients (mostly car accident victims) 32 revealed that LOC might not be a potent predictor of postinjury neuropsychological deficits. These patients were placed into 3 groups based upon positive, negative, or equivocal LOC as determined by post hoc recording of medical records. Inclusion criteria defined concussive injury as having a Glasgow Coma Scale (GCS) score between 13 and 15 and normal day-of-injury CT scan of the brain. Analyses revealed that no statistically significant differences in neuropsychological testing (domains included speed of processing, memory, executive functioning, and verbal and visual memory) existed between groups at approximately 4 days postinjury. In a follow-up study, 33 similar analyses were conducted with 383 trauma patients. To maximize relevance to concussion in sports, exclusion criteria for this latter study included (1) GCS score less than 14, (2) skull fracture, (3) intracranial abnormality on day-of-injury CT, and (4) age greater than 45 years. Moreover, patients were young (mean age, 28 years), and the majority had GCS scores of 15. Once again, no differences in neuropsychological test performance was indicated among those experiencing no, equivocal, or positive LOC. All injured patients were evaluated on neuropsychological measures within 7 days of injury. Results of these prior studies raise doubts regarding the importance of LOC as a predictor of outcome following concussion.
When compared with these previous studies, the current study has specific methodological advantages that allow a finer discrimination of the frequency, duration, and importance of injury severity markers in concussed athletes. For example, even though all trauma patients were deemed to experience mild brain injury, some of these injuries were likely more severe than that evidenced in the current sports-specific study. Moreover, unlike the prior studies, all subjects within our sample underwent preinjury neuropsychological and symptom evaluation that provided a direct comparison to their postinjury status. Further, the current study includes analyses determining the relevance of LOC and other markers of concussion severity. Postinjury markers of injury were also more accurately collected within the context of the athletic contest. Specifically, certified athletic trainers and physicians familiar with these constructs were trained to collect and document this information systematically during both on-field and postinjury evaluation periods. Although inherent difficulty arises in separating the constructs of disorientation, amnesia, and LOC, we attempted to operationalize the constructs clearly and collect the data in a standardized fashion.
Results of our current analysis suggest that amnesia and not LOC may be more predictive of pronounced postconcussion sequelae in athletes. Specifically, within our study, athletes exhibiting pronounced postconcussion symptoms and memory deficits at approximately 2 days postinjury were over 10 times more likely to have experienced any degree of retrograde amnesia as compared with athletes exhibiting good outcome from injury. Similarly, athletes experiencing any degree of PTA were 4 times more likely to exhibit poor postinjury presentation from concussive injury. Athletes who experienced disorientation (without the presence of amnesia) for 5 or more minutes were also 4 times more likely to be in the poor presentation group. Notably, nearly 3/4 of our sample demonstrated some level of disorientation, highlighting this sign as a common consequence of injury. It appears that brief disorientation (<5 minutes) was not, in and of itself, predictive of postconcussion sequelae. Rather, prolonged disorientation (>5 minutes) was predictive of postinjury memory and symptom deficit. Thus, it may be important to dissociate these signs of concussive injury. Consistent with the aforementioned research with trauma patients, brief LOC was not predictive of postconcussion symptoms or neurocognitive deficits. Lastly, though not a specific focus of the current study, it is interesting to note that history of concussion did not differ between the good and poor presentation groups.
The underlying neuropathology relating to our findings is difficult to ascertain. The presence of amnesia likely represents metabolic or other dysfunction in the hippocampal and/or temporal cortical areas "either through disconnection from other brain regions or from disruption in their intrinsic circuitry." 34 Conversely, subcortical involvement (eg, reticular activating system), though debatable, may be more likely responsible for LOC. 9 The frontal and temporal lobes are particularly vulnerable to the acceleration, deceleration, and rotational forces that are common in the biomechanics of sports concussion. Greater sensitivity of the cortical systems to memory dysfunction and presence of postconcussion symptoms may potentially help account for our findings. It should be noted that our current study defined poor presentation specifically based upon attenuated memory functioning (as measured by ImPACT) and the presence of postconcussion symptoms. A potential competing hypothesis is that LOC may be associated with disparate symptom patterns and effects on specific cognitive domains other than memory (eg, reaction time or processing speed). Notably, however, the aforementioned studies with trauma patients failed to find such a relationship. Nonetheless, a finer analysis of these issues is certainly indicated in future studies.
It is important to note that the majority of patients in our sample demonstrated LOC that lasted for less than 1 minute. Therefore, this study investigates the relative importance of brief LOC in determining symptom presentation from concussive injury. In our experience and based upon our data, prolonged LOC is a relatively rare phenomenon in sports concussion. At the current time, there is no feasible way to determine an appropriate cutoff when LOC becomes predictive of symptomatic, neurocognitive, or neurologic consequence. Nonetheless, the continued pre-eminent emphasis of LOC in current sports concussion management directives may be misguided and erroneous. Further, this issue transcends the arena of sports given that most physician offices and emergency or trauma centers predicate level and scrutiny of mild brain injury care based upon the LOC construct. Again, this may be deserved in individuals experiencing more prolonged LOC, though symptoms such as amnesia, disorientation, and postconcussion symptoms are traditionally given short shrift in determining subsequent management directives.
Continued refinement of sports concussion grading scales may be warranted in lieu of consistent findings that brief LOC may not be predictive of concussion injury severity. At present, all existing grading scales, with the exception of the revised Cantu 11 criteria, base increased severity of injury on the LOC construct. Current results suggest a rather strong relationship between amnesia and overt postinjury symptom presentation, though findings should certainly be replicated. Further studies in this regard may eventually lead to more evidence-based standards in terms of managing sports-related concussion.
Specific limitations of the current study deserve mention and should be considered carefully within the context of our current data. First, this study examined the issue of memory and symptom outcome at 2 days postinjury, whereas previous sports-specific studies have revealed similar and other neuropsychological deficits at longer intervals. 24, 25, [35] [36] [37] [38] Researchers are encouraged to replicate and expand upon our current findings at longer intervals in the recovery process from concussion. Second, our study defined good and poor postconcussion presentation based upon empirically defined change on the ImPACT memory and symptom scale composite scores. The presence and duration of on-field markers of concussion severity were reported for the 2 respective groups. Though such methodology is a reasonable first step, future studies will benefit from a prospective analysis with a priori hypotheses established on the relative importance of each specific marker of concussive injury. Similarly, this study reports no data in athletes with mild or equivocal postinjury concussive deficits. The current study also defined postinjury presentation using the ImPACT memory and symptom composite scores. Future studies should replicate current findings using additional computerized neuropsychological measures and/or other outcome variables and could consider symptom and memory scores as separate variables. Lastly, the current study examined the relative importance of on-field markers in a combined sample of high school and college athletes. Given the potential of differential age-related response to concussive injury, future studies should be conducted in high school, college, and professional samples of athletes.
Though preliminary, our results suggest that on-field assessment of sports concussion consistently incorporate mental status testing that carefully elicits signs of amnesia. Particular focus should be considered in assessing retrograde amnesia, especially given current results and, to date, the general lack of attention on this construct in the sports concussion literature. Though Cantu 11 describes the construct of retrograde amnesia in a recent revision of his grading system, no scale explicitly uses this as a criterion to define severity of injury. To date, rudimentary assessment of retrograde amnesia has been fairly well documented in available systematic on-field mental status exams. 39, 40 Continued research should focus on the refinement of these on-field evaluative techniques to document severity markers of injury. Immediate and serial assessment of all concussion severity markers and symptoms are warranted given that these indicators may evolve over time. 35 In summary, given current results, it is our belief that presentation of postinjury amnesia, prolonged disorientation, or presence of postconcussion symptoms should necessitate physician referral and more thorough and individualized evaluation (beyond sideline or mental status testing) prior to return to sport participation. Recent and current research elucidates the sensitivity of baseline and postinjury neuropsychological testing to help delineate underlying deficits associated with injury. 24, 25, [35] [36] [37] [38] 41 The continued refinement and validation of ImPACT and other computerized neuropsychological test batteries 21 might increase the availability of these postinjury assessment tools to all levels of sport participation.
